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Abstract
OBJECTIVE: To investigate mechanism-based an-
ti-anxiety effects of Shudihuang (Radix Rehmanniae
Preparata) polysaccharides (RRPPs) through two-di-
mensional electrophoresis (2-DE) analysis with
mass spectrometry (MS) of hippocampus proteins
in rats treated with monosodium L-glutamate
(MSG).
METHODS: MSG (4 g/kg) or normal saline (NS) was
injected subcutaneously into infant male rats on
days 2, 4, 6, 8, 10 after birth. MSG-treated rats at 8
weeks old were given NS, diazepam, or RRPPs daily
for seven consecutive days by intragastric adminis-
tration, while NS-treated rats given the same vol-
ume of NS. Elevated plus maze (EPM) and light/
dark transition (LDT) tests were used to observe an-
ti-anxiety effects of RRPPs at 1 h after the last ad-
ministration. After EPM and LDT tests, hippocam-
pus tissues were excised on ice rapidly from the
brains of rats. Thereafter, 2-DE and matrix-assisted
laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF/MS) were used for de-
tecting differential proteins in hippocampus of rats
so as to explore the potential mechanisms.
RESULTS: RRPPs (200, 400 mg/kg) could significant-
ly inhibit MSG-induced decrease of time and en-
tries percentages in open zones in EPM test and
numbers of light-dark transition in LDT test. Further
analysis of 2-DE and MALDI-TOF/MS indicated that
β-synuclein, protein DJ-1, peroxiredoxin-2, peroxire-
doxin-6, dimethylarginine dimethylaminohydrolase
1 (DDAH-1) and iron-sulfur proteins were all found
to be down-regulated significantly in MSG-treated
rats, while such down-regulation was significantly
inhibited after treatment with RRPPs.
CONCLUSION: RRPPs showed anti-anxiety effects
and potential mechanisms might be related to in-
hibiting MSG-induced down-regulation of β-synu-
clein, DJ-1, peroxiredoxin-2, peroxiredoxin-6,
DDAH-1 and iron-sulfur proteins in hippocampus
of rats.
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INTRODUCTION
Anxiety affects one eighth of the total population and
has become a very important area of research in psycho-
pharmacology in the current decade.1 Since the intro-
duction of benzodiazepines in the 1960s, they have re-
mained the most commonly prescribed treatment for
anxiety,1 despite many side-effects such as muscle relax-
ation, sedation, ataxia, amnesia, pharmacological de-
pendence, and memory disturbance.2 Thus, in recent
years, researchers have been focusing on safer and effec-
tive natural anxiolytics from herbal medicine.3-5
It was reported that monosodium l-glutamate (MSG)
could cause oxidative stress damage of animal tissues in-
cluding brains,6 reduced nitric oxide synthase (NOS),7
excitotoxicity of hippocampal neurons,8 anxiety-like be-
havior,9 and kidney Yin deficiency syndrome of Tradi-
tional Chinese Medicine (TCM).10 Shudihuang (Radix
Rehmanniae Preparata) polysaccharides (RRPPs) are iso-
lated from Shudihuang (Radix Rehmanniae Preparata)
known as a nourishing kidney Yin medicine in TCM.
However, up to now, whether RRPPs can exert anxio-
lytic effects against MSG-induced anxiety behavior has
not been known.
There are many reports that hippocampus has been re-
lated to anxiety behavior and plays key roles in the de-
velopment of anxiety disorders.11-13 Meanwhile, two-di-
mensional electrophoresis (2-DE) has long been recog-
nized as a powerful tool for the analysis of complex pro-
tein mixtures extracted from cells, tissues, or other bio-
logical samples.14,15 As for effects of RRPPs on hippo-
campus proteins in MSG-treated animals through
2-DE analysis, it is still not clear.
The present study was designed to investigate anti-anxi-
ety effects through the common used elevated plus
maze (EPM) and light/dark transition (LDT) tests,
and further to explore the potential mechanisms of
RRPPs through 2-DE and matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry
(MALDI-TOF/MS) analysis of hippocampus proteins
in MSG-treated rats.
MATERIALS ANDMETHODS
Experimental animals
Totally 2-3 months old Sprague-Dawley (SD) male
and female rats weighting 230-250 g were purchased
from Experimental Animal Center of Henan Province
(Zhengzhou, China). Animals were given rodent labo-
ratory chow and water ad libitum, and maintained un-
der controlled conditions with a temperature of 22℃±
1℃, relative humidity 60%±10% and a 12/12 h light/
dark cycle (lights on at 7∶00 am). All animal experi-
ments were performed according to international ethi-
cal standards, and the protocol was approved by the
Animal Care and Use Committee of Henan University
of TCM (Zhengzhou, China).
Reagents
MSG (dissolved in normal saline) was purchased from
Shanghai Research Institute of Chemical Reagent G
Cheung (Shanghai, China). Diazepam (suspended in
0.5% CMC-Na) was purchased from Tianjin Lisheng
Pharmaceutical Co. Ltd. (Tianjin, China). D-glucose
was purchased from National Institute for the Control
of Pharmaceutical and Biological Products (Beijing,
China). Unless indicated, other reagents were pur-
chased from Sigma Chemical Co. (St. Louis, MO,
USA).
Plant material and preparation of samples
Dihuang (Radix Rehmanniae) was collected in Wuzhi
county, Henan province and authenticated by Prof.
Suiqing Chen (Pharmacognosy Department, Henan
University of TCM, Henan, China). Shudihuang (Ra-
dix Rehmanniae Preparata) was prepared according to
the steamed method of Chinese Pharmacopoeia (2005
edition) in the laboratory. A voucher specimen
(SDH090309) was deposited in the herbarium of
School of Pharmacy, Henan University of TCM.
RRPPs were obtained by means of water extraction, al-
cohol precipitation and degreasing according to the pre-
vious study.16 The yield of RRPPs was 35.5% by Shudi-
huang (Radix Rehmanniae Preparata) raw medicinal
materials. The total sugar content was determined as
53.6% by phenol-sulfuric acid method according to a
previous literature.17
Treatment protocol
Adult male and female SD rats were sub-caged separate-
ly (1 male and 2 female as a cage) to reproduce new
born baby rats. MSG (4 g/kg) or normal saline (NS)
was injected subcutaneously into infant male rats on
days 2, 4, 6, 8, 10 after birth.10 Above male rats at 8
weeks old were randomly divided into five groups (8
rats per group) such as MSG-treated including MSG
(model control), diazepam (1 mg/kg) as positive con-
trol, RRPPs (200 mg/kg), RRPPs (400 mg/kg), and a
non-MSG-treated as vehicle control (NS alone). Then
such male rats were given diazepam (1 mg/kg), RRPPs
(200 mg/kg) or RRPPs (400 mg/kg) by intragastric ad-
ministration daily for seven consecutive days. Mean-
while, rats in MSG and vehicle groups were both given
daily oral administration of NS. Elevated plus maze
(EPM) and light/dark transition (LDT) tests were used
to observe the anxiolytic effects of RRPPs at 1 h after
the last administration. After EPM and LDT tests, ani-
**
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mals were immediately sacrificed by cervical disloca-
tion and hippocampus tissues were excised on ice rapid-
ly from the brains of rats. Thereafter, 2-DE and ma-
trix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF/MS) were used for
detecting differential proteins in hippocampus of rats
so as to explore the potential anxiolytic mechanism of
RRPPs.
Assay for elevated plus maze (EPM) test
EPM equipment was adopted according previous
study.18 It mainly included open and closed zones, cen-
tral area, video system and computer. The experimen-
tal animals were allowed to explore the maze in open
field for 5 min before tests. Then rat was individually
put into the central area with head toward one open
zone. Meanwhile, the video-tracking system was start-
ed to record the number of entries through open and
closed zones and the time spent in the zones automati-
cally. Finally, the time percentage in open zones
(OT%) and entries percentage in open zones (OE%)
for 5 min could be obtained from computer system.
Assay for light/dark transition (LDT) test
LDT test was adopted according to previous study.19 he
individual rat was put into the center of open compart-
ment towards the light one after EPM test ended at
10 min for each animal. The numbers of light-dark
transition (NT) for 10 min were record by two experi-
enced observer from 1.5 m away from the equipment.
Assay for 2-DE and MS analysis
Sample preparation: Firstly, homogenization and hip-
pocampus protein extraction in 2 mL lysis buffer from
a modified ReadyPrep total protein extraction kit (7 M
urea, 2 M thiourea, 2% CHAPS, 40 mM Tris, 3 mM
TBP) and concentration measurement with the Brad-
ford protein assay. Secondly, treatment with the Read-
yPrep reduction/alkylation kit. Finally, treatment with
the ReadyPrep 2-D cleanup kit and resuspension of
protein pellets in immobilized pH gradient (IPG) rehy-
dration buffer (7 M urea, 2 M thiourea, 2% CHAPS,
3 mM TBP, 0.2% Bio-Lyte, pH 3-10) and concentra-
tion measurement with the Bradford protein assay.
2-DE and MS analysis: First-dimension isoelectric fo-
cusing (IEF): 1.8 mg total protein separated on 17 cm
ReadyStrip ™ immobilized pH gradient (IPG) strips,
pH 3-10 NL. IEF was performed with a PROTEAN.
IEF cell using the program: 100 V, 1 h; 200 V, 1 h;
250 V, 1 h; 500 V, 1 h; 1000 V, 1 h; 9000 V, 7 h. Sec-
ond-dimension sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE): PROTEAN® Plus pre-
cast gels and a PROTEAN Plus Dodeca™ cell run at
20 mA for 0.5 h and then 40 mA for 5 h. Gel stain-
ing: coomassie Brilliant Blue R-250 (BBI). Imaging:
molecular Imager FX™ Pro multiimager system. Image
analysis: PDQuest 8.0.1 2-D analysis software. MAL-
DI-TOF/MS analysis: the differentially expressed pro-
teins were identified using MALDI-TOF/MS analysis
performed by Applied Biosystems (Foster City, CA,
USA).
Statistical analysis
Data is presented as mean ± standard error of mean
(SEM). The differences among experimental groups
were compared by one-way ANOVA (analysis of vari-
ance) followed by Student Newman Keuls (SNK) (P<
0.05) using Statistics Package for Social Science (SPSS)
version 11.5 (SPSS Inc., Chicago, IL, USA).
RESULTS
Effects of RRPPs on OT% and OE% in EPM test
Time percentage in open zones (OT%) and entries per-
centage in open zones (OE% ) in elevated plus maze
(EPM) test are sensitive biomarkers for anti-anxiety ef-
fects of medicines.18 In the present study, OT% and
OE% were both found to decrease significantly in
MSG-treated rats (Figure 1A, 1B), demonstrating that
MSG could cause anxiety-like behavior in EPM test.
After treatment with RRPPs (200, 400 mg/kg) and di-
azepam (1 mg/kg), respectively, for seven consecutive
days by intragastric administration, such decrease was
significantly inhibited (Figure 1A, 1B). These results
demonstrate that RRPPs and diazepam have anxiolytic
effects against MSG-induced anxiety-like behavior in
rat EPM test.
A
b
b
b
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B
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c
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Figure 1 Effects of RRPPs on time and entries percentages in
open zones in elevated plus maze test
MSG treated including MSG (4 g/kg), diazepam treated with
diazepam (1 mg/kg), RRPPs-L treated with RRPPs (200 mg/
kg), RRPPs-H treated with RRPPs (400 mg/kg), vehicle (
non-MSG treated) treated with normal saline. RRPPs: Shudi-
huang (Radix Rehmanniae Preparata) polysaccharides; MSG:
monosodium l-glutamate. Data are presented as mean±SEM
(n=8). Significant differences compared with vehicle
(non-MSG treated) group were designated as aP<0.01 and
with MSG (model control) as bP<0.05 and cP<0.01.
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Effects of RRPPs on numbers of light-dark transition
in LDT test
The numbers of light-dark transition (NT) is also as
sensitive biomarker for anti-anxiety effects of medi-
cines.19 In the present study, NT was found to decrease
significantly in MSG-treated rats (Figure 2), demon-
strating that MSG could cause anxiety-like behavior in
light-dark transition (LDT) test. After treatment with
RRPPs (200, 400 mg/kg) and diazepam (1 mg/kg), re-
spectively, for seven consecutive days by intragastric ad-
ministration, such decrease was significantly inhibited
(Figure 2). These results demonstrate that RRPPs and
diazepam have anxiolytic effects against MSG-induced
anxiety-like behavior in rat LDT test.
Effects of RRPPs on proteins in MSG-treated rats
based on 2-DE/MS analysis
Statistical analysis revealed SSP 1002 (β-synuclein,βs), 6003 (protein DJ-1, DJ-1), 3013 (iron-sulfurpro-
tein 8, ISP 8), 3008 (peroxiredoxin-2, Prdx-2), 5010
(peroxiredoxin-6, Prdx-6), and 5009 (dimethylarginine
dimethylaminohydrolase 1, DDAH-1) proteins were
all found to be down-regulated significantly in
MSG-treated rats (Figure 3, 4), demonstrating that
MSG-induced anxiety-like behavior could be related to
up-regulation of the above six proteins expression. Af-
ter treatment with RRPPs (400 mg/kg) for seven con-
secutive days by intragastric administration, such
down-regulation was significantly inhibited (Figure 3,
4). These results indicate that the potentially anxiolytic
mechanism of RRPPs could be related to inhibiting
MSG-induced down-regulation of βs, DJ-1, Pdrx-2,
Pdrx-6, DDAH-1 and ISP proteins expression in hip-
pocampus of rats.
DISCUSSION
The EPM and LDT tests are both widely used for test-
ing anxiolytics or anxiogenics.18,19 Of them, EPM test is
based on the natural aversion of rodents to explore ele-
vated and open spaces.18 Thus significant increase of
OT% or/and OE% in EPM test often reflects anti-anx-
iety behavior of medicines.18 LDT test is based on the
natural tendency of rodents to prefer dark enclosed en-
vironments as well as their innate tendency to explore a
new environment.19 Thus significant increase of NT in
b
a
b
a
B
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b
a
C
Figure 3 Effects of RRPPs on differential proteins (SSP 1002,
6003, 3013) expression through two-dimensional electro-
phoresis analysis
MSG-treated groups including MSG (4 g/kg) treated with
normal saline, diazepam treated with diazepam (1 mg/kg),
RRPPs-H treated with RRPPs (400 mg/kg), and vehicle
(non-MSG treated) treated with normal saline. RRPPs: Shudi-
huang (Radix Rehmanniae Preparata) polysaccharides; MSG:
monosodium l-glutamate. A: SSP 1002 (β-synuclein); B: SSP
6003 (protein DJ-1); C: SSP 6003 (protein DJ-1); D: SSP 3013
(iron-sulfur protein 8) proteins expression. Data are present-
ed as mean ± SEM (n=8). Significant differences compared
with vehicle (non-MSG treated) group were designated as
aP<0.01 and with MSG (model control) as bP<0.01.
A
b
b
b
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Figure 2 Effects of RRPPs on numbers of light-dark transition
in light-dark transition test
MSG-treated groups including MSG (4 g/kg) treated with
normal saline, diazepam treated with diazepam (1 mg/kg),
RRPPs-L treated with RRPPs (200 mg/kg), RRPPs-H treated
with RRPPs (400 mg/kg), and vehicle (non-MSG treated)
treated with normal saline. RRPPs: Shudihuang (Radix Rehm-
anniae Preparata) polysaccharides; MSG: monosodium
l-glutamate. RRPPs-L: RRPPs (200 mg/kg); RRPPs-H: RRPPs
(400 mg/kg); Data are presented as mean±SEM (n=8). Signifi-
cant differences compared with vehicle (non-MSG treated)
group were designated as aP<0.01 and with MSG (model
control) as bP<0.01.
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LDT test also often reflects anti-anxiety behavior of
medicines.19 In the present study, RRPPs (200, 400 mg/
kg) significantly inhibited MSG-induced decreases of
OT%, OE% and NT, demonstrating that RRPPs has
anxiolytic effects against MSG-induced anxiety-like be-
havior in both EPM and LDT tests of rats.
As mentioned previously,11-15 hippocampus has been re-
ported related to anxiety-like behavior, whereas 2-DE
combined with MS assay has long been recognized as a
powerful tool for the analysis of complex protein mix-
tures extracted from tissues samples. Therefore, next
we observe effects of RRPPs on hippocampus proteins
in MSG-treated rats through 2-DE and MS analysis.
Further results revealed that SSP 1002 (βs), 6003
(DJ-1), 3008 (Prdx-2), 5010 (Prdx-6), 5009
(DDAH-1) and 3013 (ISP 8) proteins were all found
to be down-regulated significantly in MSG-treated
rats, while such down-regulation was significantly in-
hibited after treatment with RRPPs. These results indi-
cate that the potentially anxiolytic mechanism of
RRPPs could be related to inhibiting MSG-induced
down-regulation of βs, DJ-1, Pdrx-2, Pdrx-6,
DDAH-1 and ISP proteins expression in hippocampus
of rats.
Among above differential proteins in hippocampus, βs
is an abundant pre-synaptic phosphoprotein found in
the brain and the function loss of it may be involved in
the pathogenesis of Parkinson disease (PD).20 DJ-1 is a
multifunctional protein, a potent antioxidant and chap-
erone, the loss of function of which is linked to the au-
tosomal recessive early onset of PD.21 Whereas, reports
demonstrated that anxiety-like behavior could generate
during PD.22-24 Therefore, in the present study, signifi-
cant up-regulation of PD-related proteins βs and DJ-1
indicated that βs and DJ-1 could play important roles
in the anxiolytic effects of RRPPs against MSG-in-
duced anxiety behavior in rats.
Peroxiredoxins (Pdrx), a family of peroxidases that re-
duce intracellular peroxides with the thioredoxin sys-
tem as the electron donor, are highly expressed in vari-
ous cellular compartments.25,26 Among the antioxidant
Pdrx enzymes, Pdrx-2 is the most abundant in mam-
malian neurons, making it a prime candidate to defend
against oxidative stress.25 Pdrx-6 is a cytosolic peroxi-
dase that has been demonstrated to protect various tis-
sues, such as brain, skin, lung, and cardiac muscle,
against acute oxidative stress damage.26 Whereas, re-
ports demonstrated that oxidative stress damage could
induce anxiety-like behavior.27-29 Therefore, to some ex-
tent, we could speculate that RRPPs had anxiolytic ef-
fects maybe due to significant up-regulation of antioxi-
dant-related proteins Pdrx-2 and Pdrx-6 in hippocam-
pus of MSG-treated rats.
In addition, there are significant morphological and
biochemical alterations during nerve growth factor-pro-
moted neuronal differentiation, and the process is regu-
lated by molecules, including nitric oxide (NO).30
DDAH-1 is thought to play a critical role in regulating
NO production via hydrolyzing the endogenous NOS
inhibitor asymmetric dimethylarginine.30 Whereas, re-
ports demonstrated that anxiety-like behavior could
generate maybe because of the loss of NO or NOS
function.31-33 Therefore, to some extent, the present
study demonstrated that RRPPs had anxiolytic effects
maybe due to significant up-regulation of NO-related
protein DDAH-1 in hippocampus of MSG-treated
rats.
Iron-sulfur proteins (ISPs) are ancient biological pros-
thetic groups that are essential for many fundamental
processes including photosynthesis and respiration.34
ISPs are essential components of respiratory electron
transfer complexes as well as the tricarboxylic acid cycle
b
a
A
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C
Figure 4 Effects of RRPPs on differential proteins (SSP 3008,
5010, 5009) expression through two-dimensional electro-
phoresis analysis
MSG-treated groups including MSG (4 g/kg) treated with
normal saline, diazepam treated with diazepam (1 mg/kg),
RRPPs-H treated with RRPPs (400 mg/kg), and vehicle
(non-MSG treated) treated with normal saline. RRPPs: Shudi-
huang (Radix Rehmanniae Preparata) polysaccharides; MSG:
monosodium l-glutamate. A: SSP 3008 (peroxiredoxin-2); B:
SSP 5010 (peroxiredoxin-6); C: SSP 5009 (dimethylarginine
dimethylaminohydrolase 1) proteins expression. RRPPs:
Shudihuang (Radix Rehmanniae Preparata) polysaccharides;
MSG: monosodium l-glutamate. Data are presented as
mean±SEM (n=8). Significant differences compared with ve-
hicle (non-MSG treated) group were designated as aP<0.01
and with MSG (model control) as bP<0.01, cP<0.05.
Groups
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(TCA cycle) enzymes, aconitase and succinate dehydro-
genase. In addition, ISPs facilitate DNA damage recog-
nition and repair.35 Moreover, ISPs assembly and disas-
sembly in mammalian iron regulatory protein-1
(IRP1) alters the active site conformation and accessi-
bility and determines whether IRP1 binds its mRNA
targets in response to oxidative stress and intracellular
iron levels.36 In the present study, significant up-regula-
tion of ISP 8 demonstrated that ISP 8 might involve in
the process of anxiolytic effects of RRPPs against
MSG-induced anxiety behavior.
In conclusion, the present study shows that RRPPs has
anxiolytic effects against MSG-induced anxiety behav-
ior and the potential mechanisms can be related to in-
hibiting MSG-induced down-regulation of β-synucle-
in, Protein DJ-1, Peroxiredoxin-2, Peroxiredoxin-6, Di-
methylarginine dimethylaminohydrolase 1 and
iron-sulfur protein 8 in hippocampus of rats. Further
studies are in progress in our laboratory to explore
mechanism-based anxiolytic effects of single polysac-
charide isolated from RRPPs.
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